pinal cord injury (SCI) is a devastating condition with high morbidity and mortality and is characterized by partial or complete loss of neurological function below the site of injury due to disruption of spinal cord integrity. Conventional MRI is most commonly used for the radiological evaluation of the injured cord. The findings seen on anatomical MRI such as hemorrhage, lesion length, cord compression, and edema have been shown to have limited prognostic utility in predicting outcomes. 3, 13, 21, 22, 25 Diffusion tensor imaging (DTI), a noninvasive imaging modality, uses the restricted diffusion of water molecules in neuronal tissue as the major contrast mechanism to provide quantitative information about microstructural integrity even within regions of the cord that appear nor- Whole-cord fractional anisotropy (FA) was determined at C1-2, following which C1-2 was divided into upper, middle, and lower segments and the corresponding FA value at each of these segments was calculated. Correlation analysis was performed between FA and ASIA score at time of arrival and 1-year follow-up. RESULTS Correlation analysis showed a positive but nonsignificant correlation (p = 0.095) between FA and ASIA score for all patients (CSCI and TCSI) at the time of arrival. Additional regression analysis consisting of only patients with CSCI showed a significant correlation (p = 0.008) between FA and ASIA score at time of arrival as well as at 1-year follow-up (p = 0.025). Furthermore, in case of patients with CSCI, a significant correlation between FA value at each of the segments (upper, middle, and lower) of C1-2 and ASIA score at time of arrival was found (p = 0.017, p = 0.015, and p = 0.002, respectively). CONCLUSIONS In patients with CSCI, the measurement of diffusion anisotropy of the high cervical cord (C1-2) correlates significantly with injury severity and long-term follow-up. However, this correlation is not seen in patients with TSCI. Therefore, FA can be used as an imaging biomarker for evaluating neural injury and monitoring recovery in patients with CSCI.
mal on structural MRI. 2, 20, 23, 30 The restricted linear movement along the length of the spinal cord is due to barriers to diffusion such as axonal membranes and myelin sheath, which if interrupted manifest as alterations to the DTI parameters derived from the diffusion signal.
Studies in both acute and chronic SCI have demonstrated structural alterations remote from the site of injury in the form of changes to DTI indices. 6, 11, 15, 27, 34, 35 One such DTI parameter, fractional anisotropy (FA), measuring the degree of diffusion anisotropy or restricted diffusion, is often correlated with injury severity and/or neurological outcomes. Previously, our group reported an association between FA value estimated at the high cervical cord (C1-2) during the acute phase of SCI and American Spinal Injury Association (ASIA) grades at admission, which showed the utility of DTI in early detection of structural changes in white matter tracts. 34 In the present analysis, we evaluate the relationship between FA determined from the high cervical cord (C1-2) and long-term functional outcome in patients with acute SCI.
Methods

Patient Population
Our study included 23 patients with acute SCI who underwent presurgical DTI and T2-weighted MRI of the cervical spine at our institution between March 2007 and December 2014. Of the 23 patients, 19 suffered from acute cervical SCI (CSCI) and 4 had acute thoracic SCI (TSCI). We performed a chart review to acquire relevant demographic details, neurological level of injury, and ASIA grades at admission. Prior to scanning, all patients provided written informed consent, and all the procedures were approved by the local institutional review board.
Diffusion Tensor Imaging
After giving their consent, the patients underwent DTI of the cervical spine (C1-T1) on a 1.5-T MR scanner (Signa Excite; GE Medical Systems) with a CTL spine coil. Sagittal T2-weighted images of the cervical spine were acquired in all subjects by using a TR/TE of 4000/102 msec, matrix size of 384 × 224, and field of view (FOV) of 20 cm 2 . The initial 6 subjects were recruited prior to May 2011 and were scanned on an older 1.5-T GE MR scanner using the following scanning parameters: 25 equidistant directions at a b-value of 500 sec/mm 2 , TR/TE of 4500/80 msec, matrix size of 128 × 128, and FOV of 260 mm 2 . The remaining 17 subjects were imaged using the following scanning protocol: 15 distinct directions, b-value of 600 sec/mm 2 , TR/TE of 5000/98.2 msec, matrix size of 128 × 128, and FOV of 19 cm 2 . The data from both the old and new MR scanner were included in the present analysis. This decision was based on the comparison of mean FA and signal-to-noise ratios of an axial image at the C4-5 level for 4 healthy volunteers imaged on both scanners, which showed no significant difference in either parameter. 34 
Image Processing
Diffusion images were analyzed using the MedINRIA software package (www-sop.inria.fr/asclepios/software/ MedINRIA). The estimation of FA was done on axial FA maps through C1-2 (high cervical cord), with each voxel that was inside the manually drawn regions of interest (ROIs) included in the calculation. Whole-cord ROIs were drawn within the perimeter of the cord so as to avoid partial volume effects due to CSF.
Statistical Analysis
Correlations between FA and ASIA grades at admission as well as at 1-year follow-up were analyzed using the Pearson correlation. Statistical analysis was performed using SPSS software version 20.0 (IBM Corp.). ASIA grades were converted to numerical values to conduct the correlational analysis, with ASIA A corresponding to the numerical value of 1. Means were reported as ± standard error of the mean, and the level of significance was set at p < 0.05.
Results
The demographic data for each subject with SCI are shown in Table 1 .
For the determination of a relationship between FA derived from the high cervical cord and ASIA grade at admission, separate analyses were conducted, with one comprising all subjects (both cervical and thoracic, N = 23) and the other containing only the cervical subjects (n = 19; Fig. 1 ). When the entire patient cohort was included, 
FIG. 3.
Graph showing significant correlation between FA measured at the high cervical cord (C1-2) and ASIA score at the time of admission (p = 0.008) for the group of patients with only CSCI (N = 19). The ASIA grades were converted into numerical values, with ASIA A corresponding to the numerical value of 1.
FIG. 4.
Graph showing nonsignificant correlation between FA measured at the high cervical cord (C1-2) and ASIA score at 1-year follow-up for the group of patients with both CSCI and TSCI (p = 0.589). There was a total of 65% follow-up at 1 year (N = 15). The ASIA grades were converted into numerical values, with ASIA A corresponding to the numerical value of 1.
Discussion
The logistical challenges associated with imaging the spinal cord during the acute phase of SCI have limited the literature on DTI in human subjects and as a result, our understanding of the utility of DTI is informed by animal studies and the few human studies published so far. 4,14, 18-20, 23, 24,28,30,31,33-36 In the current scenario, the present study, comprising 23 patients, represents the largest collection of patients in whom DTI was done during the acute phase of SCI. We demonstrated a significant relationship between ASIA, which provides an estimate of white matter integrity and motor function in patients with SCI, and FA obtained from the upper cervical cord (C1-2) in patients with CSCI. In addition, we found a significant correlation between FA and 1-year follow-up ASIA grade in this group of patients. On the other hand, in patients with TSCI no significant correlation was found at time of injury or 1-year follow-up. Finally, dividing the high cervical cord into 3 segments revealed that FA obtained from the lower segment showed the strongest correlation with admission ASIA scores. Our results indicate that FA measured at the high cervical cord, rostral to the injury site, might be a potential biomarker of neural injury following acute CSCI for diagnosing injury severity and prognosticating long-term functional outcomes.
We decided to measure FA at the high cervical cord (C1-2), a location remote from the site of injury, due to the better visualization of cord boundary at that level. The injury site is often difficult to delineate due to susceptibility artifacts, and/or it might not provide an accurate estimate of neural injury due to edema, hemorrhage, or bone fragments contaminating the diffusion signal. Our rationale is supported by prior studies in preclinical animal models showing a correlation between changes to diffusion anisotropy remote from the injury site and injury severity as well as locomotor and electrophysiological function. 1, [7] [8] [9] [10] 12, [16] [17] [18] 20 Similar findings have been reported in human subjects with varying severities of injury and time since injury, suggesting that retrograde neural degeneration occurs at locations remote to the injury site. 4, 6, 11, 15, 27, 34, 35 Together, these results point to extensive alterations throughout the spinal cord in the aftermath of SCI that are not detected on conventional MRI. Furthermore, the measurement of high cervical anisotropy can identify preserved white matter tracts, leading to a possible role in monitoring recovery following therapeutic interventions.
The presence of a correlation between FA measured at the high cervical cord (C1-2) and admission ASIA shows the superiority of DTI in predicting injury severity compared with conventional MRI. Our results are similar to previous studies showing cord abnormalities on diffusionweighted imaging (DWI) in the presence of unremarkable findings on conventional MRI in humans and animal models. 5, 18, 32, 38 The finding of a significant relationship between FA and injury severity indicates the presence of changes in the spinal cord remote to the site of injury, which supports the rationale for evaluating DTI parameters at distant locations. 32 We observed a significant correlation between degree of neurological impairment as measured by admission ASIA and FA at the high cervical cord, which indicates severity of cord injury reflected in the measurement of DTI parameters. This is in line with previous findings showing regions remote from the injury site being impacted during the acute phase of the SCI. 7, 14, 26, 29, 30 It appears that the initial traumatic insult to the spinal cord leads to pathophysiological changes along the length of the cord that might have long-term implications. Based on the understanding that FA measures the extent of restricted diffusion, the correlation seen between ASIA and FA values could be indicative of increasing neuronal injury in the high cervical section of the cord. Our findings are similar to results published previously showing lower FA values with increasing neurological impairment. 34 The present analysis included patients with cervical and/or thoracic injuries. We decided to include TSCI based on the reasoning that changes induced in the upper cervical cord might not be limited to the injuries to the cervical cord. Our results showed a nonsignificant relationship between degree of neurological impairment as measured by ASIA and FA for the overall sample. However, correlation analysis performed following exclusion of patients with TSCI showed significant correlation for the CSCI patients. Similarly, we observed a significant correlation between high cervical FA and ASIA at 1-year follow-up for the cohort containing only cervical injuries, whereas the addition of patients with thoracic injuries changed the correlation to a nonsignificant one. Together, these results indicate that the distance between the upper cervical cord and the location of injury could influence the pathophysiological changes occurring remotely in the upper cervical cord. It would be interesting for future studies to perform FA measurements in different segments of the spinal cord in relation to the site of injury and to have them normalized to the distance between site of injury and the site of measured FA. This might be limited by susceptibility artifacts if the measured FA site is too close to the site of injury, but it can define the most suitable site for measuring FA for different SCI levels.
The calculation of FA for the high cervical cord involved averaging the FA obtained from multiple axial slices spanning the length of C1 and C2. On closer inspection, a general trend of increasing FA in the rostrocaudal direction was observed. Our findings are similar to results reported previously that found the highest value for FA around C2/3 and could be due to better alignment of white matter fibers at C2 compared to C1. 37 The finding of significant differences between DTI parameters obtained from the C1 versus C2 level indicates that within the upper cervical cord C2 might be a better location for drawing ROIs. The use of C2 is also supported by prior analysis showing a decrease in FA in the cranial as well as caudal direction, due to the presence of increased gray matter at the level of the cervicomedullary junction in the rostral direction and at the cervical enlargement in the caudal direction. 37 
Study Limitations
Our findings should be understood in the context of relevant limitations associated with this study. The present study was retrospective in design with a small number of patients, and a large proportion of them had ASIA grade D on admission, which could have influenced our results. There are difficulties associated with performing statistical analysis because of the low number of patients in the setting of additional heterogeneity due to the severity and location of the injury. Further compounding the situation is the lack of published studies establishing the numbers needed for performing statistical analysis of DTI parameters in the SCI population. Nonetheless, we believe that our results provide pilot data on the expected effect, which should guide future research efforts involving larger data sets. To add to the previous point, we think that inclusion of more patients with ASIA A and B would probably serve to strengthen the correlation between FA and ASIA grades observed in this study.
We were unable to perform 1-year follow-up ASIA assessment in a number of patients, which might have contributed to the weaker relationship observed between high cervical FA and ASIA grade at 1-year follow-up. The present study only imaged the patients with SCI during the acute phase, which does not allow for longitudinal monitoring of microstructural changes within the spinal cord associated with recovery from SCI. Unfortunately, due to small sample size, loss to follow-up, higher proportions of ASIA D at time of injury, and no improvement in the ASIA grade at 1-year follow-up for almost all patients, it is difficult to determine whether FA is superior in predicting ASIA score at 1-year follow-up compared to the presenting ASIA grade at the time of injury.
Conclusions
The diffusion anisotropy measured at the high cervical region (C1-2) correlates significantly with injury severity and long-term follow-up only in patients with CSCI. Estimation of FA from the lower portion of the high cervical cord (C1-2) shows a stronger correlation with ASIA at time of injury. In patients with TSCI, no significant correlation is seen between FA and injury severity on longterm follow-up. The distance between the site of injury in patients with TSCI and the measurement site for FA (C1-2) might be a contributing factor to our findings. In patients with cervical cord injury, overall, the relationship between FA and injury severity as well as long-term outcome highlights the possibility that high cervical cord FA can be a potential imaging biomarker for neural injury and for monitoring recovery in patients following acute CSCI. The findings of the present study, in addition, have led to the start of a prospective study at our institution aimed at achieving higher follow-up rates and longer follow-up duration for patients with SCI in order to overcome some of the limitations noted in this paper.
